The effects on nutrient exports of a range of thinning regimes for maritime pine and radiata pine plantations in northern Spain were simulated in this study. Growth models, tree biomass equations and nutrient concentration in tree fractions were used simultaneously to calculate the amounts of N, P, K, Ca and Mg removed and left in the logging residues for five thinning intensities, five site indexes and four harvesting scenarios for each species, considering the whole rotation. A more intense thinning regime decreases the total amount of nutrients exported and increases the proportion of nutrients returned to the soil before the clearfell, being a more progressive system of extracting nutrients from the ecosystem. A substantial amount of nutrients are located in the crown fractions and the bark, making desirable the harvesting of debarked logs. The results allow the calculation of fertilization needs to avoid the depletion of soil nutrient capital in a variety of silvicultural situations.
INTRODUCTION
The sustainability of forest ecosystems depends on the balance between inputs and output of nutrients, so the export of nutrients due to management operations and harvesting should not deplete existing soil stores or exceed natural inputs [14, 34] . Among other effects, thinning and harvesting operations imply biomass and nutrient exports, which can lead to decreased reserves of soil-available limiting nutrients [15, 19, 32] .
Complex models of nutrient dynamics involve budgets and feedbacks among litterfall, retranslocation, tree growth, root uptake and decomposition while aboveground processes are directly related to tree growth. Simpler modelling ap- S.D. is the standard deviation, V.C. coefficient of variation (%), d diameter at breast height (cm), h total height (m),h mean height (m), Ho dominant height (m), N stocking density (stems ha −1 ) and dg mean square diameter (cm).
organic matter and nutrient dynamics after thinning or clearcut of a single radiate pine stand [33, 36] . There is still a need to consider, for a broad range of thinning regimes and site productivities, the evaluation of nutrient exports and returned as brash considering the whole rotation period. This would help to evaluate in each case, if the soil capital of the site to be planted is known, the nutrient budget associated to a particular thinning regime for this site productivity class, and in the end the fertilization regime to be applied [9] .
The aim of the present study was to calculate the accumulation and the export of nutrients over time in Pinus pinaster (maritime pine) and Pinus radiata (radiata pine) stands under a range of silvicultural alternatives, harvesting scenarios and stand productivities that are common in South Europe, and relate this values to mean soil nutrient capitals.
MATERIAL AND METHODS

Tree biomass equations and nutrient contents
Biomass equations for radiata pine and maritime pine recorded by Balboa et al. [4] were used in our simulations. To fit these weighted biomass equations, a total of 54 radiata pine and 125 maritime pine trees were destructively sampled in sixteen pure even-aged pine stands (9 for radiata pine and 7 for maritime pine), which were randomly selected after stratifying a network of permanent sample plots by site quality, to include a representative range for Northwestern Spain. Table I shows descriptive statistics for trees and stands analyzed for biomass equations. No clear differences in nutrient concentrations among sites that need to be incorporated into the models were observed. Above-ground biomass was separated and weighted in the field and then in the laboratory into needles, twigs (diameter, d, less than 0.5 cm at the insertion), thin branches (d from 0.5 to 2 cm), thick branches (d from 2 to 7 cm), stem bark and stem wood (debarked logs with a thin-end diameter of 7 cm). Representative composite samples of all tree components were taken to determine the dry biomass (constant weight at 65
• C) and the dry weight ratios of tree components. Non-linear equations were fitted to relate dry weight components to tree and stand variables (see Tab. II), using nonlinear seemingly unrelated regression (NSUR) [35] .
A total of 1074 multiple samples from trees felled for biomass were analyzed for nutrient content, broadening the sample obtained in previous studies [27] . The samples were obtained from an average of 11 trees per site, with a total number of 179 samples per biomass component. For each stem, 3 cm thick disks were sampled at three heights along the bole: one at the base of the tree, one at the top of the merchantable stem and another located halfway between these two. The disks were debarked and a composite sample was taken considering a circular sector of 30
• in each disk, thus obtaining the sample along all the rings, from the pith to the periphery. The oven-dried (65
• C) samples were milled (0.25 mm) and digested with HNO 3 in a microwave oven. Concentration of P, K, Ca and Mg were determined by ICP-EOS. Nitrogen was analyzed by combustion, using a Leco analyzer. Based on the observed data and on the findings of other authors [38, 57] , the independence of nutrient concentration in tree components in relation to stand density, age and site quality was assumed.
Stand growth models
In order to determine the biomass removed by harvesting, dynamic stand growth models and biomass equations were combined. Stand models based on the state-space approach [17] were used to predict changes (transition functions) in the three stand basic variables: number of stems (N), basal area (G) and dominant height (Ho), through site index, mortality and basal area growth equations, for a wide range of density management regimes [1, 43] . In order to use the fitted biomass equations to the tree level, a disaggregation of the stand variables was carried on using the Weibull probability density function and a generalized height-diameter relationship. The Weibull function was estimated using the parameter recovery procedure [26] , which provides compatible whole stand and diameter distribution estimates of specific stand attributes [20] . The recovered estimates of the scale and shape parameters were calculated from the values of the mean diameter (the first noncentral moment) and the quadratic mean diameter (the second noncentral moment powered two). It was necessary to fit a species-specific equation to relate the mean diameter to the stand variables estimated by the growth models. Diameter distributions were calculated considering a diameter class width of 5 cm.
The following step in the disaggregation of the stand status was carried out using the generalized height-diameter relationships proposed for these species [24, 47] . As dominant height and quadratic mean diameter are included as explicative variables, these equations can be used irrespective of the plantation age to estimate the height corresponding to the mid point of diameter class. Application of the whole set of equations to each state of the standard stands over time allowed to estimate the stand table before and after thinning, and also the temporal dynamics of nutrient content in tree biomass. A full covering of the explanation of the disaggregation system is provided by Diéguez-Aranda et al. [12] .
Silvicultural regimes simulated
Three levels of initial stand density were at first simulated, 1110, 1550 and 2000 stems per ha, but owing to quite similar results of 
19.95
Thin branches
6.02
1.49
where W is the dry weight of the different tree components (kg), d the diameter at breast height (cm), h the tree total height (m), G the stand basal area (m 2 ha −1 ), andh the average height of the stand (m).
total biomass production (which is much more dependent on thinning intensity) the intermediate value, which is close to the average in the region, was kept as initial spacing. Five intensities of thinning, 15, 20, 25, 30 and 35%, defined as the ratio between the accumulated yield from thinnings and the total volume produced throughout the whole rotation [22] , were tested. Two thinnings were simulated before the clear-cutting at 30 years for both species. The first thinning (age 15 years) combined line removal (one out of seven rows) with low matrix thinning. The second thinning was carried out at 22 years. In order to get the final intensity of the thinning regime simulated, the type of both thinnings was changed by increasing the proportion of trees removed and decreasing the SGratio, defined as [16] :
where N th /N bt represent the percent of trees removed and G th /G bt the percent of basal area removed. Table III gives the quantification of the simulated thinnings and indicates a broad range of thinning types and weights, even if SG-ratios below 1 (thinnings from above) were not considered, because this type of management was never present in the area of study. Thinning weight, in terms of basal area removed, ranged from 14% to 45%.
Those five levels of thinning intensities were matched to five site indexes for these species in the region, from SI 16 to 24 in radiata pine and from SI 12 to 20 in maritime pine, in both cases at a reference age of 20 years, and considering in this case the conventional harvesting of no debarked logs.
Finally, the effects in terms of nutrient removed of four harvesting intensity regimes were simulated: (I) removal of debarked stems, (II) no debarked stems (conventional harvesting), (III) additional removal of thick branches and (IV) whole-tree harvesting. Simulations were done in this case for an average level of thinning intensity (25%) and for and average site quality (SI 20 and SI 16 m for radiata pine and maritime pine respectively).
RESULTS
Nutrient concentrations in tree components
Radiata pine showed higher concentrations of P and K, and smaller of Mg than maritime pine and this one has higher concentrations of Ca, except for the needles (Tab. IV). Deficiencies in P, Mg and Ca in needles were found for both species [8, 54] . Crown fractions of both species, and mainly needles and twigs showed the highest concentrations in all the nutrients, with the following general pattern: Needles >> Twigs > Thin branches > Thick branches > Bark >> Stem wood. An important exception to this rule is the accumulation of Ca and Mg in the bark for radiata pine, and also the similar concentrations in Ca and Mg in twigs and needles for both species. The ratios P/N and K/N are 1.4 to 2.8 times higher for radiata pine than for maritime pine in all the components. The ratio Ca/N is higher in maritime pine, except for bark and needles. Mg/N is also higher in maritime pine, except for wood and bark. Figures 1 and 2 show the effect of thinning intensity and site quality on the nutrient amounts exported and returned to soil as logging residues due to thinnings and clear-cutting for radiata pine and maritime pine, respectively. The differences among the two species were evident for the conventional harvesting system. Higher amounts of nutrients exported were found in radiata pine except for N (see Tab. IV). Annual nutrient exports were more than 5 times higher in radiata pine for P and 1.7 times for K and Mg. The amounts of Ca exported in both 378 R. Rodríguez Soalleiro et al. species were quite similar even if export rates were slightly smaller in low productive maritime pine stands. Differences among species in the proportion of nutrients exported and returned were also found. For maritime pine, nutrient pools returned as logging residues throughout the whole rotation were quite close to those removed, mainly for P, Ca and N. On the contrary, exports in radiata pine stands were considerably higher than returns, being exports of Mg 3.0 times higher than returns. Exports of P were 2.3 times higher than returns, 1.8 times higher for Ca and 1.4 times higher for K. In regards to Ca, returns were considerably higher in maritime pine stands both in clear cutting (from 40% higher for SI 20 and 15% of thinning intensity to 30% for SI 12 and the strongest thinning) and in thinnings (close to 25% higher matching the best site quality and the strongest thinning).
Nutrient exports in relation to thinning intensity
The ratio between removals and returns decreased as thinning intensity increased for all the elements, being this effect more marked in radiata pine stands, as can be seen in Figure 3 . This figure is relevant to determine the effect of treatments on proportional losses from the average site index. The increase in thinning intensity implies light reductions of the total amounts of nutrients exported during the whole rotation, specially for radiata pine (10 to 12% lower for 35% of thinning intensity in relation to 15%), which is due to a reduction of total timber yield.
The distribution in time of nutrient exports has a broad variation due to thinning intensity changes. More intense thinnings promote a progressive recirculation and exportation of nutrients, and the rate of nutrient returned by thinnings in relation to total returns increases from 18−21% (thinning intensity 15%) to 38−44% (thinning intensity 35%). For maritime pine stands, nutrient amounts returned to soil are close to two times higher if heavy thinnings are considered instead of slight thinnings.
Higher nutrient efficiency of maritime pine to produce a cubic meter of wood was found: 0.03 kg P m −3 instead of 0.1, 0.27 kg K m −3 instead of 0.38, and 0.11 kg Mg m −3 instead of 0.14. As regards Ca, radiata pine shows more efficiency, with 0.17 kg Ca m −3 instead of 0.23 in the case of maritime pine.
Nutrient exports in relation to site quality
As a consequence of the different productivity in terms of biomass, nutrient exports are very dependent on site quality. For radiata pine stands the removals of nutrients increase up to 1.6 times in the best sites, and up to 1.9 times for maritime pine. The amounts of nutrient left on site as logging residues are also increased although in a lower extent: 17 to 20% for radiata pine and 37 to 50% for maritime pine, depending on the element. The differences between exports and returns are site index-dependant, above all for P and Mg in radiata pine stands, with higher differences for the best site qualities. Figure 4 gives the nutrient amounts stored in different biomass components for the whole rotation (considering biomass removed in thinnings and clearfells). This approach allows the comparison in terms of nutrient cost for different harvesting regimes, from stem only harvesting to whole-tree harvesting. The conventional removal of bark (no debarked logs) implies increases of 17, 46, 33 and 22% in the exports of P, K, Ca and Mg in radiata pine, and 28, 20, 27 and 25% in the case of maritime pine, in relation to the harvest of debarked stems. The removal of thick branches seems to be less important than bark in relative terms, although it could be important for Ca exports in maritime pine stands. The whole-tree harvesting is obviously the worst option with the highest removals, being K and Ca the elements subjected to higher increase in both species.
Nutrient exports in relation to biomass components harvested
DISCUSSION
Interest and limitations of the estimation methodology
The simulations considered in this study complement the data presented by Merino et al. [27] , who evaluate the amount of nutrients exported under a limited number of harvesting scenarios and compare them with either total or available soil nutrient reserves of pine and eucalyptus. The right estimate of tree biomass and nutrient removals must take into account several parameters such as: (i) stand growth dynamics (i.e. species, site quality), (ii) rotation length [50] , (iii) intensity and selectivity of biomass removal [41, 49, 55] , and (iv) harvesting operations [3, 18] , as well as possible interactions between these factors. The simulations developed in the present study involve all these parameters although, obviously, they have quite limitations. Our study is focused on combining the evolution of tree biomass amounts throughout the rotation to nutrient concentration in tree fractions [2] , but other approaches have considered several experimental sites, representing the two extremes of an age gradient [10, 53, 56] . Accurate estimations in these cases are strongly depended on the sampling design and can not be applied to further geographical areas. Other studies try to simplify the calculations by transforming stand volume (from stand inventories and yield tables) into biomass, instead of fitting biomass equations.
Uncertainty in our estimations of nutrient contents is the product of three sources of measurement error: stand diameter and height distributions, biomass equations and nutrient concentrations in tree fractions. Biomass amount and distribution are the parameters which mainly influence the pool of nutrients exported [3] so our simulations concentrate in achieving an accurate estimation of these parameters. In fact, the selection of the equations in the stand growth model and the disaggregation system was done principally to ensure the desirable compatibility between the predictions [12] . Additional information would be useful to improve these estimations and to complete our sampling, e.g. to fit biomass equations and to consider specific concentrations for trees from thinnings. As the crown-tree biomass ratio is density-dependent, considering the large difference in chemical composition between the stem and the crown, the variation of the crown-tree biomass ratio can lead to a change in the nutrient pools [40] .
Constant values of nutrient concentration in mature tree components over time and for all site qualities considered were assumed in the present study, according to other authors [3, 6] . On the contrary, some authors have found differences regarding stand structure, with concentrations decreasing as stocking increased because of a nutrient dilution throughout larger canopies and root systems [25, 40] . However we consider that the stand densities for standard management of these species do not involve significant differences as regards nutrient content in tree biomass. Moreover, as thinnings in the simulations happen mainly at the second half of the rotation length, concentration differences are likely to be higher between stands than those due to stocking or age. The direct comparison of the mean concentrations used in this study to 1−2 years old radiate pine plantations [57] indicates a maximum error of 22.5% N, 27.9% for P, 13.3% for K, 24.2% for Ca and 6.7% for Mg.
The use of models considering the spatial pattern of variation of nutrient concentrations inside the bole instead of taking a representative sample from both the hearthwood and the sapwood is a possibility of improvement. This is due to the fact that distribution of nutrient concentrations inside the bole generally reflects retranslocation from older tissues toward the cambial zone, creating higher concentrations in the outer rings [42] .
It should be taken into consideration that part of the difference in nutrient exports and returns between an intensive silvicultural regime and a less intensive one, can be due to a lack of appreciation of the quantity of dead branches and needles which are not accounted for by the simulation model used in the study.
Implications for the plantation management
Total above-ground biomass and its distribution among tree components in both species included in this study were within the ranges reported in the literature [23, 29, 39, 46] . The large accumulation of P and K in the foliage and branches recorded in this work, as compared with large Ca and Mg accumulation in the stemwood and bark, is a common feature of most temperate tree species [18, 25] , even in the case of natural stands [5] . If we consider the estimated annual balance of inputs and outputs of elements in pine plantations in the area [11, 27] , the threshold of exports for negative budgets in a rotation of 30 years would be: 25 kg P ha −1 , 150 kg K ha −1 , 200 kg Ca ha −1 and 111 kg Mg ha −1 . This means that for whole-tree harvesting there would be critical losses for P, K and Ca, in the case of radiate pine, and for K in the case of maritime pine. Even in the traditional harvest of no debarked logs, the exports of P and K in radiate pine plantations would be higher than the critical threshold (Tab. V), with a slightly better situation in the well thinned stands. Table V also shows the comparison of exports to the average nutrient capital of six soils of each species. This matter may partially explain the lower levels of foliar P in plantations where logging residues are removed [28] , and indicates the critical role of P in the nutrient dynamics of pine stands [45] . The high amounts of soil nitrogen content and nitrogen fixation in the area explain the adequate nutritional conditions that have been found for this element in these plantations, even if the amounts exported are also much higher in the whole-tree harvesting system, as has been already demonstrated [44] .
Our results refer only to the direct exportation in the biomass removed, but it is important to consider that the management of coarse woody debris in the area considers usually its elimination through chopping rollers, physical removal or prescribed fire [30] . Potential release of nutrients one year after clear-cut and mechanical incorporation of brash would be as high as 14.2 kg N ha −1 , 5.4 kg P ha −1 , 72 kg K ha −1 , 36 kg Ca ha −1 and 9.8 kg Mg ha −1 [33] . Furthermore, nutrient losses by leaching could be promoted where the revegetation process is slowed [13] .
We found important changes in nutrient amounts as a function of intensity of thinnings. A low thinning intensity, considered after the thinning weight and thinning cycle, could be related to lower losses of nutrients in the short term [6] , but in this case the losses at the clearfelling are likely to increase due to a concentration of logging residues when no uptake is possible. In the case of N, two studies performed in radiate pine plantations in the area have shown processes of N immobilization after thinning or clear-cut, with mineralization rates strongly depending on the brash management and a net release occurring only where brash was mechanically incorporated into the soil [33, 36] .
Biomass and nutrient amounts were very dependent on site quality, with the highest exportations for the best sites. Environmental impact due to nutrient removal can be avoided by using compensatory fertilization, especially applying ashes, which are a by-product of the chipboard industries. The amount of ashes to be applied can be easily calculated from the results provided by this article, considering that a single application along the rotation can be enough to compensate for the exports of Ca, K and Mg. P deficiency in Pinus radiata is the nutritional problem both most widespread and most responsive to amelioration, especially by superphosphates [52] , whose application is necessary to compensate for extractions, since its content in the ashes is low [48] .
The decrease in nutrient exports derived from the lengthening of rotations [31] is only significant when these are expanded to uneconomic values for productive plantations. Moreover, progressive problems of timber decayment in the standing trees have been recorded for plantation age in exceed of 50−60 years [43] . Other management options, as the consideration of seed tree regeneration fellings, keeping in place seed bearers for at least 10 years, the promotion of transformation to mixed conifer-broadleaves stands, which apparently enhance the nutrient status of the main species [51] or even a further continuous cover forestry management, derived from a progressive application of thinning from above avoiding a final clearfell [37] can be considered.
CONCLUSIONS
The amount of nutrients exported in the thinnings and clearcut and returned to the system as logging residues strongly depends on the species, site index, thinning regime and harvesting scenario. Nutrient exports in radiata pine are much higher than those in maritime pine, pointing out the lower site requirements and likelihood of nutrient depletion for the native pine. The data is useful to predict time-term changes in five major nutrients pools in biomass, and denote negative budgets for P, K and Cain radiate pine plantations. The implementation of an adequate thinning regime and the reduction of intensity in harvestings operations, especially by leaving in place the crown components and even the bark, could enhance the turnover of natural sources of nutrients. Nutrient return by fertilization is necessary to replenish the large amounts of nutrients exported, particularly in the case of radiata pine.
